Staphylococcus aureus is a major cause of mastitis in bovine and other ruminant species. We here present the results of a comparative genomic analysis between a bovine mastitis-associated clone, RF122, and the recently sequenced human-associated clones, Mu50 and N315, of Staphylococcus aureus. A shotgun sequence survey of ϳ10% of the RF122 genome identified numerous unique sequences and those with elevated rates of nonsynonymous substitution. Taken together, these analyses show that there are notable differences in the genomes of bovine mastitis-associated and human clones of S. aureus and provide a framework for the identification of specific factors associated with host specificity in this major human and animal pathogen.
Staphylococcus aureus is a widely distributed animal and human pathogen. Phenotypic analyses of S. aureus strains isolated from human and bovine hosts have revealed important differences between the two populations of isolates, but the underlying genetic basis for the variation among S. aureus strains remains unknown (10, 14, 15) . Multilocus enzyme electrophoretic analysis of 2,077 S. aureus isolates from bovine, ovine, and human hosts showed that only 6 of the 33 clusters included isolates from more than one host species (11) . Population genetic analysis of 357 S. aureus isolates recovered from cases of bovine mastitis from global sources suggested that only eight clones represented 90% of the isolates, and these clones rarely overlapped with those responsible for human disease (5) . To begin identifying the nature and scope of the genetic differences between the bovine and human staphylococcal genomes, we present here a comparative analysis of the genome content of the common bovine S. aureus clone RF122 (4) and the recently sequenced human pathogenic clones Mu50 and N315 (6) .
A random shotgun genomic library was prepared as described previously (7) , with the exception that RF122 genomic DNA was mechanically sheared with a Hydroshear device (GeneMachines, San Carlos, Calif.). The first 850 random shotgun clones of RF122, encoding 285,077 unique bases and representing approximately 10% of the total genome, were sequenced by using dideoxy terminator chemistry on ABI 3700 DNA sequencers (ABI, Foster City, Calif.) and assembled into 600 contigs consisting of one to six sequences and ranging in size from 82 to 1,828 bases using phredPhrap (P. Green, University of Washington, Seattle) (details of individual genes, gene names, and categories are available at http://www.cbc.umn .edu/ResearchProjects/AGAC/Staph/staphhome.html). The average GC content of the initial sequences was 33.95%, closely approximating the GC content of the completed S. aureus genomes (6) . The range of GC contents of individual contigs was 21 to 73%. Fourteen contigs had GC contents greater than 45%. Of these, two had no significant hits (P Ͻ e-15) to any GenBank submission based on tBLASTn searches, five had significant homology to S. aureus genomic DNA, and one was homologous to an S. aureus plasmid (1). The remaining five contigs had significant (P Ͻ e-15) homologies to sequences of organisms other than staphylococci and may reflect recent horizontal transfer events.
Identification of unique sequences in RF122. Twelve sequences without homology to any existing sequence in the comprehensive microbial databases were identified in RF122. An additional seven contigs with no homology to S. aureus but with close matches to genes from other organisms were identified, including homologs to a Shigella transposon, a pathogenicity island element from Escherichia coli, a Rhodopseudomonas palustris ferredoxin transporter, and a hypothetical protein from Mesorhizobium loti. Other orthologs matched the grampositive organisms Streptococcus agalactiae (sodA), Streptococcus pyogenes (putative phage terminase), Enterococcus faecalis (putative invertase), and Bacillus pumilus (Tn 10 transposon). Since the present analysis represents sequences from only ϳ10% of the RF122 genome, these data suggest that there are likely to be 100 or more sequences that differentiate the bovine S. aureus clone from its human counterparts.
Recent analysis of RF122 led to the identification of a novel putative pathogenicity island, SaPIbov (4). The 15,981-bp island encodes several virulence factors and toxins (4) . As expected, our RF122 contigs included several SaPIbov components. Two of the homologous contigs matched no sequences in either of the finished human S. aureus genomes, indicating possible bovine-specific components of SaPIbov. The genes in these contigs include homologs to sel, whose hypothetical protein product is similar to staphylococcal enterotoxin I, and to a phage terminase homolog.
We were able to assign putative functions to many of the gene products based on motifs identified in the homologs from the finished Mu50 and N315 S. aureus genomes and the genome of Bacillus subtilis (Fig. 1) . In total, 28% of the identified homologs encoded proteins of unknown function. Other genes of interest include bap, a biofilm-related gene thus far identified only in bovine isolates, drp35, an antibiotic resistance determinant, and rot, a transcriptional repressor regulating toxin expression previously characterized only in human strains (2, 8, 9) .
Patterns of nucleotide substitution. To understand the level and nature of nucleotide variation between RF122 and the recently sequenced human clones of S. aureus, amino acid substitution rates for the aligned sequences were calculated according to the algorithm of Nei and Gojobori (12) . For genes with integral roles in bacterial survival and fitness, the rate of nonsynonymous substitution (dN) is often lower than the rate of synonymous substitution (dS) because these genes are under functional constraint and the majority of phenotypic changes will be disadvantageous. The majority of dN:dS ratios of the RF122 S. aureus sequences characterized thus far in comparison with Mu50 and N315 fall in the range of 1:10 to 1:4, corresponding to the most highly conserved sequences ( Fig. 2A) . The low average ratio of dN:dS for RF122 compared to Mu50 and N315 indicates that the majority of S. aureus genes are under functional constraint (Fig. 2B) . Several of the highly conserved genes encoded virulence factors, including clumping factor B, as well as metabolic genes from energy, lipid, nucleic acid, and amino acid pathways (Table 1 ). The analysis also identified 19 orthologs with dN:dS ratios greater than 1, indicating that mutations that result in a change in the primary structure of the proteins have been conserved in these sequences. While the majority of the protein products from these genes were hypothetical, a urease subunit, an ammonium transporter, the cell division protein FtsH, the surface protein and antibiotic resistance determinant Drp35, and a leukotoxin subunit were also included in this category. The leukotoxin subunit is of particular interest in the context of host spec- ificity, as leukotoxins interact directly with host erythrocytes and phagocytes to cause potentially catastrophic inflammation. It has been suggested that leukotoxins may play a role in causing clinical mastitis, and leukotoxin genes are present in all bovine strains tested, but a causal relationship between leukotoxin production and mastitis remains to be established (3, 13) . Should leukotoxins be a significant factor in causing mastitis, positive selection of phenotype-altering mutations in the F subunit of S. aureus leukotoxin may be related to differences in the bovine and human immunological environments. 
